In this work, a proposal of an indirect solar dryer with a vacuum solar collector and storage of water-sensitive heater is presented. A mathematical model is presented as the first approximation to evaluate the performance. The test climatic conditions are based on the city of Cascavel (Paraná, Brazil) and the resolution of the model was aided by the EES program. In order to analyze the performance of the system, a model load was created based on the references found in the literature, sample of 80 kg with initial water content of 75% w.b and final of 10% w.b, for drying time of 4 h and 3 h with air velocity of 0.7 m/s and 1.1 m/s respectively. It was possible to simulate the variation of the temperature of the reservoir during the day, as well as the response of the heat exchanger to the variation of temperature of entrance of the fluids and the climatic influence, radiation and ambient temperature in the participation of the solar energy in the total energy consumption of the drying. The simulations suggest good results with solar fraction between 20 and 47 %, meanwhile in the literature the values reported are between 10 and 25%.
Introduction
The drying process (DP) is one of the most energy efficient operations in the food industry (Feng et al., 2012) . Where the drying process requires a large amount of energy. The drying process in the medicinal plants is an operation of fundamental importance because the dry material presents greater chemical stability, due to the interruption of the metabolic processes that occur even after the material collection (Pimentel, 2008) . This allows for easy storage, conservation and commercialization of medicinal and aromatic plants, which are widely used by the pharmaceutical, herbal and cosmetic industries (Lorenzi & Matos, 2008) .
The growing market demand for medicinal plants and their derivatives is a profitable alternative to small farmers, given the great demand for this type of product (Vasisht et al., 2016; Tripathi et al., 2017) . It is also worth noting that the agribusiness sector consumes about 30% of the world's energy demand, according to the Energy, Agriculture and Climate Change Report of the United Nations Food and Agriculture Organization (FAO, 2016) . In Brazil, the products generated by the agricultural chain contributed 23.9% of the Gross Domestic Product (GDP) of the country in 2018. About 70% of these products come from family farming or small rural producers. On the other hand, the electricity distribution infrastructure in rural areas of Brazil is precarious, especially with regard to the stability of the supply, service replenishment when there are falls due to inclement weather and quality of the building electrical installations (Ivanov, 2017) .
In this context, aiming to solve a productive and infrastructure problem that exists in Brazil and throughout Latin America. This research presents the proposal and development of a solar dryer that excels in energy efficiency and sustainability, whose operation is based on the use of solar energy as a sustainable alternative that allows maintaining the temperature between 50 °C and 60 °C during the whole process of drying and reducing CO 2 emissions. Therefore, it is a viable and attractive technology for the drying of medicinal plants for small producers or a rural cooperative adapted to the reality of Latin America.
The present article presents the design and modeling of an indirect solar dryer that is a technical arrangement composed of: sensitive heat storage system having water as the working fluid, using vacuum tube solar collectors and commercial thermal reservoir. In order to validate the proposal, a thermodynamic model is used to analyze the performance of the proposed system.
State of the Art
In this chapter the state of the art on the development and modeling of solar dryers is presented, in order to support the proposed technological development and present its respective contribution to recent studies. Prakash and Kumar (2013) have done a comprehensive review on recent trends and reported that forced convection of solar dryers is effective and more controllable than natural circulation. The authors also point out that solar energy can be effectively used for low temperature drying and there is a huge demand for efficient solar dryers incorporated with thermal energy storage medium. To address or limit the intermittent nature of solar energy, as analyzed by Prakash and Kumar (Prakash & Kumer, 2013) , thermal energy storage is proposed as a technical and economically feasible solution for food and agricultural products in general by several researchers (Bennamoun, 2013; Agrawal & Sarviya, 2016; Bal et al., 2010) . Different types of materials such as rock, water, sand and granite, pure paraffin wax and aluminum blend with paraffin wax have been used as thermal storage materials in solar dryers by researchers in the last decades (Agrawal & Sarviya, 2016) . Most sensitive heat storage systems use rocks and water (Bennamoun, 2013; Agrawal & Sarviya, 2016) . Fudlholi et al. (2015) carried out a technical and economic study of four types of solar dryer systems based on solar water collectors and thermal reservoir for the climatic conditions of Malaysia. The systems compared were:
(1) hybrid photovoltaic system with heat pump, (2) system with chemical heat pump, (3) system with dehumidifier and (4) system with heat exchanger. According to the authors, all the evaluated systems presented high performance and stable output temperature suitable for drying process up to 60 °C. Nems et al. (2018) presented a concept of vertical flow high temperature solar dryer with granite balls in the bed of the dryer acting as thermal storage. Experimental results have shown that granite can prolong the operation of the dryer in two hours.
Considering the medicinal herb market and the desired characteristics, the proposed system differs from other existing technologies by: (i) By the use of individual components (solar collector, reservoir and exchanger) commercially available for confection of the system which the facilitates the customization and replicability of the proposal; (ii) The auxiliary heating system supplies thermal energy directly to the air before entering the drying chamber, allowing greater temperature control and stability; and (iii) Due to the relation between collector and reservoir volume, there is a high solar participation in the final consumption of reducing the use of auxiliary heat source and consequently operating costs.
Design of Solar Dryer
This chapter presents the design and modeling of the technical arrangement of an indirect solar dryer composed of: sensitive heat storage system having water as working fluid, using solar collectors of vacuum tube and commercial thermal reservoir.
The model proposed in this research will be designed and evaluated for the environmental conditions of the city of Cascavel (Paraná, Brazil) located at coordinates 24°57′21′′ S and 53°27′18′′ W. The climatic data used as day,
x the values of this variable throughout the day, being 67%, 68%, 50% and 56% for the months of January, June, July and August respectively.
Design Parameters of Solar Dryer
To carry out the study of dryer performance, it is necessary to identify the different components that integrate the system. In Table 1 the main data of the arrangement are presented that are necessary for the modeling, which was previously defined based on a preliminary study.
The adopted dryer is a parallel flow tray type with capacity for two trolleys each with 15 trays separated by 6 cm with a total load of 80 kg of wet material. The physical dimensions were determined according to commercial models presented by Perry and Green (2008) . To reduce energy consumption, the dryer has 85% air recirculation, a typical value for this type of dryer (Perry & Green, 2008) . The losses to the environment were set at 12% and 8% for the winter and summer months respectively (Costa, 2007) . While the dryer is operating, it was considered a loss of 10% of the total energy that enters the solar collectors that represents the losses in pipes and reservoir (Duffie & Beckman, 2013; Muller & Heindl, 2006) . 
Dryer Operation Conditions
Among the several species of medicinal plants known in Brazil, the main cultures whose timing and drying temperature were compatible for the use of solar drying were mapped in the literature, being these used as reference of the calculation basis of the dryer. Table 2 presents this survey.
Based on this survey, two operating times are considered, ts = 3 h and ts = 4 h, with drying air temperature Ts = 65 °C. The initial moisture content considered is 75% b.u, the mean value of the data presented in the graph of Figure 3 and the final drying humidity considered and 10% b.u, the maximum final content allowed for commercialization of several medicinal plants 20. The air velocity was pre-calculated in such a way that the energy balance and mass of the dryer allow to satisfy the estimated drying time, taking into account that the air has less than 90% relative humidity at the exit of the drying chamber to avoid condensation from water. The calculated velocities are Var = 0.7 m/s for ts = 4 h and Var = 1.1 m/s for ts = 3 h, both within that used by several researchers (Table 2 ).
Aiming at the best possible use of the solar resource, the dryer will remain on at the highest radiation hours of each month. For January it will be from 1:00 p.m. to 5:00 p.m. for ts = 4:00 p.m. and from 1 p.m. to 4:00 p.m. for ts = 3:00 p.m. For the rest of the months the dryer will call from 12:00 h to 16:00 h for ts = 4 h and from 12:00 h to 15:00 h for ts = 3 h.
The drying kinetics considered is of constant drying rate since the period of constant drying rate predominates in materials with high initial moisture content (Rubio et al., 2018) , as is the case of medicinal plants. In the graph of Figure 3 , which was elaborated from the survey of several experimental studies, it is indicated that considering linear drying as constant is a good approximation for the purposes of this work. 
Thermal Reservoir
Under the following hypotheses: Uniform flow; Water as incompressible fluid; Water well mixed when the system is operating, then the water temperature is uniform with the position in the reservoir and varies only with time, T = T (t) and with the relation between mass flow rates shown in Figure 4 energy rate is defined as:
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The power supplied by the auxiliary system to keep the constant inlet temperature in the dryer (TS4 = 65 °C) is:
As a consequence of the above equation, the total power supplied to the dryer can be written as:
The solar fraction is defined as the ratio between the energy supplied by the solar heating system (Q t ) and the energy demand of the dryer, mathematically:
Dimensioning the Controller
For dimensionametno controller are defined three expressions logics IF to represent the dryer control system and determining, for example, when only is connected to pump 2, or when the unfavorable irradiation conditions or low water temperature in the reservoir, it is not convenient to switch on the dryer. IF1: Links the pump 2 within a predefined time interval. This allows the pump 2 to function independently of the dryer, heating the water in the tank in the morning, before the start of the drying, and in the afternoon, after the drying has finished. Also, it limits the temperature of the water in the reservoir to 95 °C to avoid the boiling point.
IF2: This expression attempts to determine or predict a day with low radiation to the point that it does not compensate for turning on the dryer and thus avoid overuse of the auxiliary system. The condition used is based on the monitoring of the reservoir temperature at a given time of day before the start of drying. Then, if the temperature of the reservoir is less than 90 °C 15 minutes before the start of the drying, it is understood that the radiation will remain low throughout the day. In this way, the program understands that only B1 will remain connected, water passing through the collectors, and B2 will remain off, even if it is the pre-programmed drying schedule.
IF3: Due to the high reservoir temperature and low irradiance conditions, the efficiency of the collectors can be very low or even to the point where the water is cooled rather than heated. So pump 2 will turn on, not only if it is within the scheduled time and water is below 95 °C (IF2), but if the efficiency of the collectors is greater than 5%.
Results and Discussion
The Figure 7 shows the hourly mean of the water temperature in the reservoir for the four months and the two drying times evaluated. At dawn, the system only has the loss of energy by heat transfer to the environment, which depends not only on T amb but also on T res .
Therefore, as in January the temperature in the reservoir is higher, the fall is not accentuated in comparison to the other months. From 9:30 a.m., water begins to circulate through the collectors, increasing Tres up to 95 °C, maximum setpoint temperature.
For the case of ts = 3 h (Figure 8) , the temperature drop at the beginning of the drying is more pronounced as the increase in flow increases the energy demand required to heat the air and improves the heat transfer in the exchanger.
In Figures four hours (Figure 7) . did not op at the begi due to radi consumpti org Figure 7 s 9 and 10 is p s. This graph a . In January, Ju erate because inning of the th iation, and it i ion of the dryin n decreases to with water p hat for ts = 3 h load leads to t nergy pickup s Vol. 11, No. 16;  ) solar fraction of drying, rese energy enterin he reservoir de e of the temper ure in the rese ied by the auxi the drying tim passing through the FS and sm the required p system has cha 2019 n ervoir g the ecays rature ervoir iliary me of h the maller, ower anged, Table 4 . Results for Ts = 4 h and Var = 0.7 m/s The average energy consumption per kilogram of evaporated water was 6220 kJ/kg, a value close to that described by Melo et al. (2002) which shows an average consumption of 7256 kJ/kg of water removed for the guaco using 55 °C air temperature and upflow LPG drier.
Under the loading condition, the arrangement in question can not keep the FS high during the entire drying, and the auxiliary heat source must be increased at the end of drying. This is reflected in the rapid fall of the FS shown by Figure 10 .
In order to show the versatility of the proposal and the model as an optimization tool, we present the result of the comparison between the arrangement of 4 collectors and the 100 L reservoir already analyzed, N col = 4 and V res = 100 L, and an arrangement of 8 collectors N col = 8 and volume of reservoir of 400L, N col = 8 and V res = 400 L.
In Figures 11 and 12 it is observed that with Ncol = 8 the lower temperature variation is presented in the tank and consequent greater participation of solar energy in the total energy consumption. Even so, FS is less than one, due to the limited temperature gradient between water and the air outlet temperature, requiring the auxiliary source to reach 65 °C.
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Figure 11
Figure 12 Due to the found in th was g the me is those of the allow to control the exit temperature of the drying air and therefore also does not allow to control the drying time being a great operational disadvantage.
Conclusions
The proposed dryer presented a satisfactory performance and superior when compared to the results found in the bibliography and recent research. The temperature of the affected water allows to maintain a favorable temperature differential with the drying air in the heat exchanger, which benefits the thermal exchange and elevates FS. The temperature at 65 °C avoids prolonging the drying process for more than a day of sunshine, as is often the case in indirect solar dryers without energy storage and without an auxiliary system.
In the current operating condition, due to the temperature gradient between drying air and water, it is not possible to obtain a 100% solar share, even with the use of a large number of collectors. Even so, solar FS is high which translates into a reduction in operating cost between 20 and 47% when compared to conventional systems.
It is worth noting that the proposed model can aid in the development and optimization of solar drying systems, making possible the analysis of the effect caused by the customization or adequacy of the project, whether due to climatic conditions or structural changes.
As a continuation of this research, we intend to prepare the experimental model of the system for convalidating the numerical results presented in the article.
